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What is Quantum Information Science?

A Quantum mechanics explains how world works at microscopic level, which
governs behavior of all physical systems, regardless of their size. Arguably
one of the greatest scientific discoveries on 2@entury, leading to
fundamental discoveries of how nature works

A Information science revolutionized how information is collected, stored,
analyzed manipulated, protected, and moved. It ushered new age of
information in 20" century, with major repercussions in economic, social,
and political spheres

A We see convergence of two 2@entury greatest revolutions in the form of
Quantum Information Science (QIS)

A new science!

Information Science
(i.e. computer science,
communications,

cryptography)

Quantum Mechanics
(i.e. atoms, photons, JJ’s,
physics of computation)

The second quantum revolution
- Credit: NIST

2



Quantum Information Science

A QIS exploits unique quantum effects such as superposition,

iInterference, andentanglementto obtain, compute, and transmit
information in the ways that are superior compared to classical
technology (digital, Newtonian)

A The key concept is entangl ement
pair ). Works only for only very small object (electrons, photons, atoms
etc) . ]t I s proven to be essenti al
oquantum teleportationo
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Key Concepts

A

> v v

T\

Qubit- basic unit of quantum information, which is the quantum version
of the classical binary bit. It can exist in superposig@my state between
Oand 1

Qubit fidelity¢ how long qubit stays coherent/operational
Quantum effects superposition, interference, and entanglement

NISQ Noisy IntermediateéScale Quantum technology, often refers in the
context of modern very noisy guantum computers

QASM Quantum Assembly used for programming quantum computers

Quantum supremacydemonstration of that a programmable quantum
device can solve a problem (any problem) that no classical computer can
solve in any feasible amount of time

Quantum advantagesame as supremacy, but for useful applications



Quantum Supremacy Demonstration
Article

Quantum supremacy using a programmable
superconducting processor
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Google Sycamore processor (53 qubit device) takes @fifisecond$o sample one
instance of a quantum circuit a million times. The equivalent task on Summit would
take approximately10,000 yeardlt is 1.6B times faster.



Difficulty/Complexity

Quantum Applications

IO The expected
The unlikely — impossible? JER N

Quantum
Computation

Quantum Networks for
S Relativistic Geodesy
______ e o o T Quantum
PR Widgets
The known
Quantum Quantum Engineered
Networks Photocells?
Quantum
Measurement % The as yet unimagined!!!

Quantum
Sensors

\ Quantum
\ Games & Toys

Quantum
Communication

Time (years)

Credit; NIST



Quantum Applications

A Secure telecommunication (near futurguantum key distribution
IS an ultrasecure communication method that requires a key to
decipher a message. If the message gets intercepted, no one else
can read it.

A Quantum sensors (not far futureflevices that exploits quantum
entanglement to achieve a sensitivity or resolution that is better
than can be achieved using only classical systems. Applications:
astrophysics, high energy physics, military (quantum radars) etc.

A Scientific problems (far futureg number of Nfhard combinatorial
problems can be solved efficiently on guantum computers (i.e.
linear algebra and database search). Applications: quantum
chemistry, traffic control, reaime risk analysidjnancial,and
forecasting etc.



Quantum Teleportation

Chinese scientists set the record for the farthest quantum teleportation in
2017. It demonstrated that guantum teleportation works over distance of
870 miles. It paves the way to quantum internet

Quantumencrypted images by encoding them as strings of numbers
based on theguantumstates of photons and sent them across distances
of up to 4,722nilesbetween Beijing and Vienna in 2018

The best way to distribute quantum entanglement around the globe is via
a massive constellation of orbiting satellites according to just published
MIT report

UChicaga Argonneg Fermilab
30 mile quantum network
IS under construction




U.S. Quantum Internet

Office of Science Laboratories  Other DOE Laboratories

NNSA Laboratories

© Ames Laboratory @ Idaho National @ National Renewable @ Lawrence Livermore
Ames, lowa Energy Laboratory National Laboratory
Idaho Falls, ldaho Golden, Colorado Livermore, California
© Argonne National
Laboratory 2 National Energy 4 Savannah River @ Los Alamos National
Argonne, lllinois Technology Laboratory National Laboratory Laboratory
Morgantown, West Virginia Aiken, South Carolina Los Alamos, New Mexico

© Brookhaven National
Laboratory
Upton, New York

@ Fermi National
Accelerator Laboratory
Batavia, lllinois

© Lawrence Berkeley
National Laboratory
Berkeley, California

© Oak Ridge National
Laboratory
Oak Ridge, Tennessee

@ Pacific Northwest
National Laboratory
Richland, Washington

© Princeton Plasma
Physics Laboratory
Princeton, New Jersey

© SLAC National
Accelerator Laboratory
Menlo Park, California

@ Thomas Jefferson
National Accelerator
Facility
Newport News, Virginia

Pittsburgh, Pennsylvania

. « Cvermors, Caiforna ’
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© Ssandia National
Laboratory
Albuquerque, New Mexico
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DOE Unveiled blueprint for a U.S. Quantum Internet July 24, 2020.

The initial plan is to connect up all 17 of their national labs to establish the backbone
of the quantum internet.The ultimate goal is to build a mulhstitutional ecosystem
between laboratories, academia, and industry to transition from demonstration to

operational infrastructure.
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Publicly Announced National and International

US

China

EU

Russia

Germany

UK

Initiatives in QIS

US Quantum 2020

Initiative

National 2018

Laboratory for QIS

Quantum 2018
Technologies

Flagship

RussiarQuantum 2019
Initiative

German Quantum 2019
Imitative

UK National 2014
Quantum
Technologies

Program

Up to $625 over National centers of QIS excellence (1

S years
$11.4B

$1.1B over 10
years

$780M

$712M

$358M over 5
years

to five centers for up to $25M/year)
Centralized quantum research facility

Quantum communication, metrology
and sensing, simulation, computing,
and fundamental science

Quantum computers, quantum
computing, quantum communication
guantum sensors

Quantum computers, quantum
computing, quantum communication
guantum sensors

Sensors and metrology, quantum
enhanced imaging, quantum
communications technologies
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Hardware timeline

Classical Computing (Electronic)

. . 18 cores 32 cores
vachum  Eniac  Transistor ko WEaEE  Blaeson >SN ransistors - 5,58 transistors  19.28 transistors
1946 1947 1956 Xeon Haswell
(1906) i et 136) (1958) (1971) (1995) 2014) Epégf-;')’”

Grover’s algorithm

Quantum Computing (1996)

Quantum computing is
transitioning from
scientific curiosity to
technical reality.

Advancing from
discovery to prototype

Quantum Shor’s algorithm Quantum Few-qubit Cloud-

to useful m_achmes simulator & CSS error annealing processors based
takes time. proposed correction & adiabatic QC & error quantum
(1981) (1994-95) (1998-2000) detection computers
(2012-2016) (2017)
Credit: MIT 1



Modern Quantum Computers

Current

Computers are

Operate at almost
ranked by

absolute zero temperature

Capacitors

Inductor

-460 F or273 C, number of qubits
colder than deep space ——Microwaves B decoherencytime
Superconducting (IBM, Google, Trapped ionslonQ, U. of Innsbruck)
Rigett)
Qubit Materials Al on the Si substrate Ybt+, Ca+, Sr+, Be+, Ba+, Mg+
1LY Type Transmon Optical transitions
Control Microwaves Microwaves+optics
State Junction phase Atomic state of electron
Approximate ~100200 Very long
D;(;)Q:r(ir:):y 1gb gate 10 5,000
2gb gate 40 50,000
Fidelity 1gb gate 99.9% 99.999%
2gb gate 99.0% 99.5%
Speed (MHz) 1qgb gate 100.00 0.20
2gb gate 25.00 0.02

Modern CPUs:
~3 GHz, 100% fidelity 12
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The key piece of the Quantum Computer is the

Dilution Refrigerator
Working Temperature 161Kuses mix of

SHel*He

Source: IBM Research
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